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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Natural gas is increasingly used as an alternative to petroleum fuels in internal combustion engines and industrial power plants 
because of its smaller environmental effects, as well as for economic reasons. Many applications, such as the spark-ignition engine 
simulations and the design of burners, require an accurate calculation of its laminar flame speed. Encouraging progress has been 
made in developing detailed chemical kinetic models for its prediction, but such models are still extremely complex and require 
significant computational effort. The laminar flame speed is an intrinsic property that is a function of the unburnt mixture 
composition, temperature, and pressure, therefore it is possible to develop analytical correlations based on experimental 
measurements, without losing accuracy, and that are more easily implemented in CFD codes than tabulated data. 

The purpose of this study is to provide a simple, but accurate expression for modeling the laminar flame speed of natural gas 
as a function of its composition and over a wide range of operating conditions. In particular, a correlation valid for a natural gas 
ternary surrogate mixture of methane, ethane and propane is proposed. To achieve this aim, correlations for pure methane, as well 
as for binary methane/ethane and methane/propane mixtures were derived and combined to obtain a formulation suitable for 
different compositions of natural gas. It must be highlighted that some empirical correlations are already available in the literature, 
but they are usually based on a limited set of experimental measurements, thus they can fail outside the range in which they have 
been validated against experiments. In this study, measurements of laminar flame speeds obtained by several research teams are 
collected, compared, and critically analysed with the aim to develop more accurate empirical correlations. A comparison with 
available correlations in the literature shows the improvement in accuracy obtainable with the approach proposed in the present 
work. 
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Nomenclature 

� Equivalence ratio 
�� Room pressure 
�� Unburned mixture pressure 
�� Room temperature 
�� Unburned mixture temperature 
�� Laminar flame speed 

��� Laminar flame speed at room conditions 
� Temperature influence exponent  
� Temperature influence exponent 

��, ��, �� ��� ��� Coefficients in Metghalchi et al.’s correlations 
��, �� ��� �� Coefficients for exponent  � 
��, �� ��� �� Coefficients for exponent  � 

�, �, �, � ��� � Coefficients in “Gülder’s formulation” for pure compounds 
�, �, ε ��� � Coefficients in “Gülder’s formulation” for fuel mixtures  

� Volume fraction of other compounds in methane fuel mixtures 

1. Introduction 

Always more frequently, the design and optimization of many combustion applications, in which the flame 
propagation plays a primary role, relies on the use of computational simulations. And in such applications, a crucial 
aspect in determining the reliability of the numerical model is represented by the laminar flame speed estimation. 
Although encouraging progress has been made in developing detailed chemical kinetic models for its prediction, such 
models are still extremely complex and require significant computational effort for solving the mass, species and 
energy conservation equations coupled with chemistry [1,2]. In addition, they can fail outside the range in which they 
have been validated against experimental data, or if the grid resolution chosen for the simulation is not appropriate for 
the specific case [3]. This is because flame propagation usually involves time and spatial scales which cannot be 
typically captured with practical finite volume methods [4].  

Thus, analytical correlations of the laminar flame speeds as a function of equivalence ratio, pressure and 
temperature are preferred in practical simulations. Moreover, they are more easily implemented in CFD codes than 
tabulated data. Such an approach is originated from the consideration that the laminar flame speed is uniquely defined, 
for a given fuel, once the unburned mixture composition, temperature, and pressure are known. 

In the last sixty years, various forms of empirical and semi-empirical functional relationships have been proposed 
for the laminar burning velocity [5,6].  The simplest alternative and the most widely used form of the wholly empirical 
correlation is the so-called “power law” formula, adopted by many Investigators [7–10]: 

����, ��, ��� =  ��� ���
��

�
�

���
��

�
�

, (1) 

where ��� is the velocity, for a given equivalence ratio �, measured at room conditions, namely at �� = �� and �� =
��, and � and � are constants or mixture strength-dependent terms. 

An expression for the term ������ in Equation (1) was proposed by Gülder [6]:  

������ =  � � �� ���������, (2) 
where W, � and � are constants for a given fuel, and � = 1 for single constituent fuels. 

The usage of natural gas and the interest towards it have risen because of its smaller environmental effects 
compared to conventional petroleum fuels and its improved availability due to shale gas [11–16]. Natural gas is also 
an attracting alternative for transport due to its potentially smaller gaseous and particulate emissions [13,15,17]. In 
the engine field new combustion techniques [18,19] are related to the use of natural gas, as well as their control 
strategies  [20,21]. It appears crucial developing precise and reliable correlations for estimating its laminar flame 
speed. However, natural gas is a mixture of various hydrocarbon molecules and their volume fraction can considerably 
vary with geographical source, time of year, and treatments applied during production or transportation [22]. It has 
been demonstrated that a simple variation of the � parameter in the correlation proposed by Gülder [6] is not sufficient 
to capture the effects of variation of natural gas composition on its laminar flame speed. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.08.289&domain=pdf
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��, and � and � are constants or mixture strength-dependent terms. 
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where W, � and � are constants for a given fuel, and � = 1 for single constituent fuels. 

The usage of natural gas and the interest towards it have risen because of its smaller environmental effects 
compared to conventional petroleum fuels and its improved availability due to shale gas [11–16]. Natural gas is also 
an attracting alternative for transport due to its potentially smaller gaseous and particulate emissions [13,15,17]. In 
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Table 1. Coefficients proposed by Dirrenberger et al. [15] for binary mixtures. 

Fuel � [�� �⁄ ] � � � � � � 
CH4/ C2H6 38.638 -0.15 6.2706 1.1 0.2103 0.545 -0.0191 
CH4/ C3H8 0.2129 0.8312 -0.0439 

Table 2. Coefficients proposed by Liao et al. [14] for exponents α and β in Equation (5) for a Chinese Natural Gas. 

Fuel �� �� �� �� �� �� 
Natural Gas 5.7500 12.150 7.9800 0.9250 2.0000 1.4730 

 
Recently, Dirrenberger et al. [10] used the following modified form of Equation (2), proposed by Coppens et al. 

[23] in 2007, for calculating the laminar flame speed of binary methane/ethane and methane/propane mixtures, as 
follows: 

�����, �� =  �1 + ���� � �� ������������. (3) 

The term �, present in Gülder’s formulation (Equation (1)), assumes the value �1 + ���� to take into account the 
presence of other compounds in methane. � is the amount of the other gas in the fuel mixture. The additional term Ω� 
in the exponent, allows to reproduce the shift of the maximum of the laminar flame velocity’s dependence with the 
additional gas concentration. When � is zero, the original Gülder’s formulation for pure compounds is obtained. The 
coefficients derived from the experimental data interpolation are reported in Table 1. 

In the same work, Dirrenberger et al. [10] extended the formulation to ternary mixture by combining the 
expressions formulated by Coppens et al. [23] for binary mixtures. They obtained a relationship valid for a natural gas 
surrogate mixture of methane, ethane and propane: 

�����, ��, ��� =  �1 + ����
�� ��1 + ����

��� � �� �������������������, (4) 
where the subscript 1 refers to parameters calculated for one component, i.e. ethane, and subscript 2 to the other one, 
i.e., propane. Once again, if �� = �� = 0 the correlation for pure fuels is obtained. If either �� = 0 or �� = 0, then 
the previous binary mixtures formulation is derived. 

The only study available in the literature in which the dependence of the exponents � and � upon the equivalence 
ratio was investigated in the case of natural gas, is by Liao et al. [9]. In particular, they studied a Chinese Natural Gas 
(from the north of Shannxi Province) and they proposed the following second-order polynomial form, with the 
coefficients reported in Table 2: 

���� = ���� − ��� + �� 
���� = −���� + ��� − ��, 

(5) 

The aim of the present study, is to provide improved empirical correlations for calculating the laminar flame speed 
as functions of equivalence ratio and unburned mixture temperature and pressure of binary mixtures, of binary mixture 
of methane/ethane and methane/propane as well as for ternary mixtures composing various natural gases, starting from 
those proposed by Coppens et al. [23] and Dirrenberger et al. [10], respectively. 

2. Results and discussions 

The correlations proposed in this work have the “power law” form of Equation (1), with �� = 1 ��� and �� =
298 � . The exponents �  and �  were considered to be functions of the mixture strength �  and the second-order 
polynomial fitting proposed by Liao et al. [9] (Equation (5)) is considered. 

In order that an analytical formulation (as well as a chemical kinetics mechanism) can be considered reliable for 
many possible conditions, it must be validated against a large body of data. Thus, in this work, experimental 
measurements of laminar flame speeds, carried out by several workers are compared and critically evaluated. Results 
for the considered studies are listed in tables, together with the method that was used, the range of the equivalence 
ratios, pressures and temperatures that were explored, and the fuels that were considered in the specific study. 

An iterative reweighted least squares algorithm was performed for the parameter estimation. In particular, a 
nonlinear regression using ordinary least squares, coupled with the Levenberg-Marquardt Algorithm [24], was 
adopted. 
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2.1. Correlation for Methane/propane and methane/ethane binary mixtures 

A study of binary mixtures of methane with ethane and propane is crucial for developing  empirical correlations 
able to reproduce the laminar flame speed of different types of natural gas, since the methane fraction can vary between 
55.8% and 98.1%, ethane can vary between 0.5% and 13.3%, and propane can vary between 0% and 23.7% [22]. 

Dirrenberger et al. [10] proposed a modified version of Gülder’s expression (Equation (3)) to take into account the 
presence of another compound with methane. They found that their correlation reproduced well the experimental 
results for lean and rich mixtures, but overestimated flame velocities near stoichiometry. This because their 
modifications considered only the influence on the peak amplitude and position. In fact, as it is inferable from their 
experimental data, the lean and the rich side are more sensitive to the addition of another compound. Therefore, in 
order to take into account such behaviour an improved formulation of Equation (3) was studied. In particular, the 
coefficient � in Equation (3) has been multiplied by the term �1 − ���, resulting in the following expression: 

�����, �� =  �1 + ���� � ��������  ������������.   (6) 
The introduction of the new term allows to reproduce the fact that the equivalence ratio has different influence on 

different mixture compositions, and it has the strongest effects in conditions far from the stoichiometric one. The 
coefficients �, �, � and � derived in this study for methane/ethane and methane/propane mixtures are reported in Table 
4. The terms �, �, � and �, reported in Table 3, refer to pure methane and were derived and validate in a previous 
study [5]. 

The works that were considered for the analysis are reported in Table 5. Figure 1 shows the results for different 
fractions of ethane in methane, while Figure 2 refers to methane/propane mixtures. From Figure 1(a) and Figure 2(a) 
it is seen that the proposed correlation reproduces the experimental trends better than the formulation proposed by 
Dirrenberger et al. [10], for all equivalence ratios considered. It captures the greater sensitivity to the addition of other 
compounds in methane for lean and rich mixtures. 

Figure 1(b), (c) and (d) offer a comparison with other experimental measurements for methane/ethane, and Figure 
2(b) compares methane/propane mixtures. The overall agreement can be considered satisfactory. 

2.2. Correlation for Natural Gas 

Dirrenberger et al. [10] proposed a correlation valid for a natural gas surrogate mixture of methane, ethane and 
propane, which was obtained by combining the expressions derived for binary methane/ethane and methane/propane 
mixtures. The same approach has been adopted in this study, resulting in the following expression: 

��0��, ��, ��� =  �1 + ���
�� ��1 + ���

��� � ������������������  �������������������,   (7) 

Table 3. Coefficients for Equation (2) derived in a previous study [6] for methane. 

Fuel � � [�� �⁄ ] � � � 
CH4 1 38.85 -0.20 6.45 1.08 

Table 4. Coefficients of Equation (6) for binary mixtures. 

Fuel � � � � 
CH4/ C2H6 0.20 1.50 0.95 0.09 
CH4/ C3H8 0.10 1.50 1.30 0.20 

Table 5. Literature considered for methane/ethane and methane/propane mixtures. 

Ref. Authors year Fuels Phi �� [K] �� [atm] Method 

[25] Kishore 2008 Methane, Ethane, Methane/Ethane 
mixtures 0.7-1.3 307 1 Heat flux 

[26] Lowry 2011 Methane, Ethane, Propane 
Methane/Ethane, Methane/Propane 0.7-1.3 298 1-10 Constant-volume vessel with schlieren 

optical setup 

[10] Dirrenberger 2011 
Methane, Ethane, Propane, n-Butane, 
Methane/Ethane, Methane/Propane, 
Natural Gas 

0.6-2.1 298 1 Heat flux method with flame adiabatic 
burner / Correlations 



 Elisa Distaso et al. / Energy Procedia 126 (201709) 850–857 853

 Amirante et al. / Energy Procedia 00 (2017) 000–000  3 

Table 1. Coefficients proposed by Dirrenberger et al. [15] for binary mixtures. 

Fuel � [�� �⁄ ] � � � � � � 
CH4/ C2H6 38.638 -0.15 6.2706 1.1 0.2103 0.545 -0.0191 
CH4/ C3H8 0.2129 0.8312 -0.0439 

Table 2. Coefficients proposed by Liao et al. [14] for exponents α and β in Equation (5) for a Chinese Natural Gas. 

Fuel �� �� �� �� �� �� 
Natural Gas 5.7500 12.150 7.9800 0.9250 2.0000 1.4730 

 
Recently, Dirrenberger et al. [10] used the following modified form of Equation (2), proposed by Coppens et al. 

[23] in 2007, for calculating the laminar flame speed of binary methane/ethane and methane/propane mixtures, as 
follows: 

�����, �� =  �1 + ���� � �� ������������. (3) 

The term �, present in Gülder’s formulation (Equation (1)), assumes the value �1 + ���� to take into account the 
presence of other compounds in methane. � is the amount of the other gas in the fuel mixture. The additional term Ω� 
in the exponent, allows to reproduce the shift of the maximum of the laminar flame velocity’s dependence with the 
additional gas concentration. When � is zero, the original Gülder’s formulation for pure compounds is obtained. The 
coefficients derived from the experimental data interpolation are reported in Table 1. 

In the same work, Dirrenberger et al. [10] extended the formulation to ternary mixture by combining the 
expressions formulated by Coppens et al. [23] for binary mixtures. They obtained a relationship valid for a natural gas 
surrogate mixture of methane, ethane and propane: 

�����, ��, ��� =  �1 + ����
�� ��1 + ����

��� � �� �������������������, (4) 
where the subscript 1 refers to parameters calculated for one component, i.e. ethane, and subscript 2 to the other one, 
i.e., propane. Once again, if �� = �� = 0 the correlation for pure fuels is obtained. If either �� = 0 or �� = 0, then 
the previous binary mixtures formulation is derived. 

The only study available in the literature in which the dependence of the exponents � and � upon the equivalence 
ratio was investigated in the case of natural gas, is by Liao et al. [9]. In particular, they studied a Chinese Natural Gas 
(from the north of Shannxi Province) and they proposed the following second-order polynomial form, with the 
coefficients reported in Table 2: 

���� = ���� − ��� + �� 
���� = −���� + ��� − ��, 

(5) 

The aim of the present study, is to provide improved empirical correlations for calculating the laminar flame speed 
as functions of equivalence ratio and unburned mixture temperature and pressure of binary mixtures, of binary mixture 
of methane/ethane and methane/propane as well as for ternary mixtures composing various natural gases, starting from 
those proposed by Coppens et al. [23] and Dirrenberger et al. [10], respectively. 

2. Results and discussions 

The correlations proposed in this work have the “power law” form of Equation (1), with �� = 1 ��� and �� =
298 � . The exponents �  and �  were considered to be functions of the mixture strength �  and the second-order 
polynomial fitting proposed by Liao et al. [9] (Equation (5)) is considered. 

In order that an analytical formulation (as well as a chemical kinetics mechanism) can be considered reliable for 
many possible conditions, it must be validated against a large body of data. Thus, in this work, experimental 
measurements of laminar flame speeds, carried out by several workers are compared and critically evaluated. Results 
for the considered studies are listed in tables, together with the method that was used, the range of the equivalence 
ratios, pressures and temperatures that were explored, and the fuels that were considered in the specific study. 

An iterative reweighted least squares algorithm was performed for the parameter estimation. In particular, a 
nonlinear regression using ordinary least squares, coupled with the Levenberg-Marquardt Algorithm [24], was 
adopted. 

4 Amirante et al. / Energy Procedia 00 (2017) 000–000 

2.1. Correlation for Methane/propane and methane/ethane binary mixtures 

A study of binary mixtures of methane with ethane and propane is crucial for developing  empirical correlations 
able to reproduce the laminar flame speed of different types of natural gas, since the methane fraction can vary between 
55.8% and 98.1%, ethane can vary between 0.5% and 13.3%, and propane can vary between 0% and 23.7% [22]. 

Dirrenberger et al. [10] proposed a modified version of Gülder’s expression (Equation (3)) to take into account the 
presence of another compound with methane. They found that their correlation reproduced well the experimental 
results for lean and rich mixtures, but overestimated flame velocities near stoichiometry. This because their 
modifications considered only the influence on the peak amplitude and position. In fact, as it is inferable from their 
experimental data, the lean and the rich side are more sensitive to the addition of another compound. Therefore, in 
order to take into account such behaviour an improved formulation of Equation (3) was studied. In particular, the 
coefficient � in Equation (3) has been multiplied by the term �1 − ���, resulting in the following expression: 

�����, �� =  �1 + ���� � ��������  ������������.   (6) 
The introduction of the new term allows to reproduce the fact that the equivalence ratio has different influence on 

different mixture compositions, and it has the strongest effects in conditions far from the stoichiometric one. The 
coefficients �, �, � and � derived in this study for methane/ethane and methane/propane mixtures are reported in Table 
4. The terms �, �, � and �, reported in Table 3, refer to pure methane and were derived and validate in a previous 
study [5]. 

The works that were considered for the analysis are reported in Table 5. Figure 1 shows the results for different 
fractions of ethane in methane, while Figure 2 refers to methane/propane mixtures. From Figure 1(a) and Figure 2(a) 
it is seen that the proposed correlation reproduces the experimental trends better than the formulation proposed by 
Dirrenberger et al. [10], for all equivalence ratios considered. It captures the greater sensitivity to the addition of other 
compounds in methane for lean and rich mixtures. 

Figure 1(b), (c) and (d) offer a comparison with other experimental measurements for methane/ethane, and Figure 
2(b) compares methane/propane mixtures. The overall agreement can be considered satisfactory. 

2.2. Correlation for Natural Gas 

Dirrenberger et al. [10] proposed a correlation valid for a natural gas surrogate mixture of methane, ethane and 
propane, which was obtained by combining the expressions derived for binary methane/ethane and methane/propane 
mixtures. The same approach has been adopted in this study, resulting in the following expression: 

��0��, ��, ��� =  �1 + ���
�� ��1 + ���

��� � ������������������  �������������������,   (7) 

Table 3. Coefficients for Equation (2) derived in a previous study [6] for methane. 

Fuel � � [�� �⁄ ] � � � 
CH4 1 38.85 -0.20 6.45 1.08 

Table 4. Coefficients of Equation (6) for binary mixtures. 

Fuel � � � � 
CH4/ C2H6 0.20 1.50 0.95 0.09 
CH4/ C3H8 0.10 1.50 1.30 0.20 

Table 5. Literature considered for methane/ethane and methane/propane mixtures. 

Ref. Authors year Fuels Phi �� [K] �� [atm] Method 

[25] Kishore 2008 Methane, Ethane, Methane/Ethane 
mixtures 0.7-1.3 307 1 Heat flux 

[26] Lowry 2011 Methane, Ethane, Propane 
Methane/Ethane, Methane/Propane 0.7-1.3 298 1-10 Constant-volume vessel with schlieren 

optical setup 

[10] Dirrenberger 2011 
Methane, Ethane, Propane, n-Butane, 
Methane/Ethane, Methane/Propane, 
Natural Gas 

0.6-2.1 298 1 Heat flux method with flame adiabatic 
burner / Correlations 
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in which the terms �, �, � and � refer to pure methane (Table 3), while the coefficients �, �, � and � for ethane and 
propane are reported in Table 4. The works considered are listed in Table 6. 

Dirrenberger et al. [10] studied three surrogate mixtures with compositions close to those of three representative 
natural gases: Indonesia, Abu Dhabi and Pittsburgh, Table 7. shows the exact composition of these natural gases. In 
such study, they were represented by the following mixtures: 90% CH4, 6% C2H6, and 4% C3H8 Indonesia, 82% CH4, 
16% C2H6, and 2% C3H8 Abu Dhabi and 85% CH4 and 15% C2H6 Pittsburgh. The results for each natural gas are 
reported in Figure 3, together with a comparison with the empirical correlation proposed by Dirrenberger et al. [10] 
(Equation (4)). The dependence upon the equivalence ratio and the fuel composition is well captured by the present 
proposed correlation and it shows better agreement, especially near stoichiometry. 
 

 

(a) (b) 

(c) (d) 

Figure 1. Laminar flame speed of methane/ethane mixtures at room conditions, considering different ethane content in methane. Marks: 
experimental data; dashed lines: correlations proposed by Dirrenberger et al. [10]; solid line: empirical correlation proposed in this work. 

(a) (b) 

Figure 2. Laminar flame speed of methane/propane mixtures at room conditions, considering different ethane content in methane. Marks: 
experimental data; dashed lines: correlations available in literature; solid line: empirical correlation proposed in this work. 
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Table 6. Literature considered for natural gas. 

Ref. Authors year Fuels Phi �� [K] �� [atm] Method 
[9] Liao 2004 Shannxi Natural Gas 0.6-1.4 300-400 0.5-1.5 Spherical bomb 

[27] Bourque 2010 Methane, Natural gas 0.7-1.3 298 1-4 Cylindrical bomb with Schlieren 
setup 

[10] Dirrenberger 2011 
Methane, Ethane, Propane, Butane, 
Methane/Ethane, Methane/Propane, 
Natural Gas 

0.6-2.1 298 1 Heat flux method with flame 
adiabatic burner / Correlations 

Table 7. Composition of different natural gases (% Volume) considered. 

Ref. Authors year Fuels CH4 C2H6 C3H8 i-C4H10 n- C4H10 i-C5H12 n-C5H12 CO2 N2 others 

[10] Dirrenberger 2011 
Indonesia 89.91 5.44 3.16 1 0.75 0.03 - - 0.04 - 
Abu Dhabi 82.07 15.86 1.89 - 0.06 - - - 0.05 - 
Pittsburgh 85.00 14.0 - - - - - - 1.00 - 

[27] Bourque 2010 NG2 81.25 10.0 5.0 - 2.50 - 1.25 - - - 
NG3 62.50 20.0 10.0 - 5.00 - 2.50 - - - 

[9] Liao 2004 Shannxi 96.16 1.096 - - - - -   2.74 
 

(a) (b) (c) 

Figure 3. Laminar flame speeds of different natural gases at room conditions. Marks: experimental data; dashed lines: correlations proposed by 
Dirrenberger et al. [10]; solid line: empirical correlation proposed in this work. 

 

(a)  (b) 

Figure 4. Laminar flame speed of different natural gases measured by Bourque et al. [27] (a) and Liao et al. [9] at room conditions. Marks: 
experimental data; dashed lines: correlations proposed by Dirrenberger et al. [10]; solid line: empirical correlation proposed in this work. 

Table 7 also reports the composition of the two natural gas mixtures that were the focus of the study by Bourque 
et al. [27]. they were represented by the following mixtures: 85% CH4, 10% C2H6, and 5% C3H8 for NG2, 70% CH4, 
20% C2H6, and 10% C3H8 for NG3. The results for each natural gas are reported in Figure 4(a). The Dirrenberger et 
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in which the terms �, �, � and � refer to pure methane (Table 3), while the coefficients �, �, � and � for ethane and 
propane are reported in Table 4. The works considered are listed in Table 6. 

Dirrenberger et al. [10] studied three surrogate mixtures with compositions close to those of three representative 
natural gases: Indonesia, Abu Dhabi and Pittsburgh, Table 7. shows the exact composition of these natural gases. In 
such study, they were represented by the following mixtures: 90% CH4, 6% C2H6, and 4% C3H8 Indonesia, 82% CH4, 
16% C2H6, and 2% C3H8 Abu Dhabi and 85% CH4 and 15% C2H6 Pittsburgh. The results for each natural gas are 
reported in Figure 3, together with a comparison with the empirical correlation proposed by Dirrenberger et al. [10] 
(Equation (4)). The dependence upon the equivalence ratio and the fuel composition is well captured by the present 
proposed correlation and it shows better agreement, especially near stoichiometry. 
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experimental data; dashed lines: correlations proposed by Dirrenberger et al. [10]; solid line: empirical correlation proposed in this work. 
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experimental data; dashed lines: correlations available in literature; solid line: empirical correlation proposed in this work. 
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Table 7. Composition of different natural gases (% Volume) considered. 
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[10] Dirrenberger 2011 
Indonesia 89.91 5.44 3.16 1 0.75 0.03 - - 0.04 - 
Abu Dhabi 82.07 15.86 1.89 - 0.06 - - - 0.05 - 
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NG3 62.50 20.0 10.0 - 5.00 - 2.50 - - - 
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Figure 3. Laminar flame speeds of different natural gases at room conditions. Marks: experimental data; dashed lines: correlations proposed by 
Dirrenberger et al. [10]; solid line: empirical correlation proposed in this work. 
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Figure 4. Laminar flame speed of different natural gases measured by Bourque et al. [27] (a) and Liao et al. [9] at room conditions. Marks: 
experimental data; dashed lines: correlations proposed by Dirrenberger et al. [10]; solid line: empirical correlation proposed in this work. 

Table 7 also reports the composition of the two natural gas mixtures that were the focus of the study by Bourque 
et al. [27]. they were represented by the following mixtures: 85% CH4, 10% C2H6, and 5% C3H8 for NG2, 70% CH4, 
20% C2H6, and 10% C3H8 for NG3. The results for each natural gas are reported in Figure 4(a). The Dirrenberger et 
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al. correlation [10] overestimates the maximum flame speed, but the correlation proposed in this study shows an 
overall better agreement with the experiments. In addition, it is able to capture the influence of the composition far 
from stoichiometry. 

Figure 4(b) reports results for the natural gas investigated by Liao et al. [9]. Its composition is reported in Table 7 
as well. It was represented by considering 98.9% CH4 and 1.1% C2H6. The values of the laminar flame speed reported 
in this study appear to be higher than those of the cases previously investigated, even though the natural gas was 
composed almost exclusively of methane. These experimental measurements report values that are higher than those 
presented previously for pure methane. Therefore, it is hard to judge the results shown in Figure 4(b). 

Very few works have investigated the influence of initial pressure and temperature on natural gas laminar flame 
speed. Figure 5(a) shows results for different initial pressures and Figure 5(b) different initial temperatures. Only the 
stochiometric case has been investigated. The derived values for the coefficients of exponents � and � in Equation 
(5) are listed in Table 2. Liao et al. [9] investigated the temperature influence (the coefficients of exponent � are the 
same proposed by Liao et al. [9]).  
 

 

(a)  (b) 

Figure 5. Initial pressure (a) and temperature (b) influence on natural gas laminar flame speed at stoichiometric conditions. Marks: experimental 
data; solid lines: empirical correlation proposed in this work. 

3. Conclusions 

The present study provides simple and reliable expressions that allow laminar flame speed calculations of binary 
mixtures of methane/ethane and methane/propane, as well as different type of natural gasses. Empirical correlations 
available in literature generally are usually not able to give good agreement with recent experimental data. This 
because many of them are based on a single set of measurements and fail outside the considered experimental range. 
Therefore, measurements of laminar flame speeds in literature were collected and used to develop more accurate and 
reliable empirical correlations.  

The correlations proposed in this work have the “power law” form (Equation (1)), with �� = 1 ��� and �� =
298 �.  ������ term is represented using “Gülder’s exponential formulation” (Equation (2)), while the exponents � 
and � were functions of mixture strength � and a second-order polynomial fitting was considered (Equation (5)). 

For binary and ternary mixtures, it was shown that the influence that the amount of the secondary compounds has 
on the mixture laminar flame speed is different at different equivalence ratios which has not been considered in 
previous formulations. Therefore, a modified expression for the term ������ was proposed (Equation (6)), and better 
overall agreements with all the experimental data was obtained. 

An improved formulation was developed for calculating the laminar flame speed of natural gas (Equation (7)), 
which was modelled as a ternary mixture of methane, ethane and propane. Comparisons with experimental data on 
natural gases having different compositions confirmed the obtained improvements. 
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al. correlation [10] overestimates the maximum flame speed, but the correlation proposed in this study shows an 
overall better agreement with the experiments. In addition, it is able to capture the influence of the composition far 
from stoichiometry. 

Figure 4(b) reports results for the natural gas investigated by Liao et al. [9]. Its composition is reported in Table 7 
as well. It was represented by considering 98.9% CH4 and 1.1% C2H6. The values of the laminar flame speed reported 
in this study appear to be higher than those of the cases previously investigated, even though the natural gas was 
composed almost exclusively of methane. These experimental measurements report values that are higher than those 
presented previously for pure methane. Therefore, it is hard to judge the results shown in Figure 4(b). 

Very few works have investigated the influence of initial pressure and temperature on natural gas laminar flame 
speed. Figure 5(a) shows results for different initial pressures and Figure 5(b) different initial temperatures. Only the 
stochiometric case has been investigated. The derived values for the coefficients of exponents � and � in Equation 
(5) are listed in Table 2. Liao et al. [9] investigated the temperature influence (the coefficients of exponent � are the 
same proposed by Liao et al. [9]).  
 

 

(a)  (b) 

Figure 5. Initial pressure (a) and temperature (b) influence on natural gas laminar flame speed at stoichiometric conditions. Marks: experimental 
data; solid lines: empirical correlation proposed in this work. 

3. Conclusions 

The present study provides simple and reliable expressions that allow laminar flame speed calculations of binary 
mixtures of methane/ethane and methane/propane, as well as different type of natural gasses. Empirical correlations 
available in literature generally are usually not able to give good agreement with recent experimental data. This 
because many of them are based on a single set of measurements and fail outside the considered experimental range. 
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reliable empirical correlations.  
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298 �.  ������ term is represented using “Gülder’s exponential formulation” (Equation (2)), while the exponents � 
and � were functions of mixture strength � and a second-order polynomial fitting was considered (Equation (5)). 

For binary and ternary mixtures, it was shown that the influence that the amount of the secondary compounds has 
on the mixture laminar flame speed is different at different equivalence ratios which has not been considered in 
previous formulations. Therefore, a modified expression for the term ������ was proposed (Equation (6)), and better 
overall agreements with all the experimental data was obtained. 

An improved formulation was developed for calculating the laminar flame speed of natural gas (Equation (7)), 
which was modelled as a ternary mixture of methane, ethane and propane. Comparisons with experimental data on 
natural gases having different compositions confirmed the obtained improvements. 

References 

[1] Liang L, Reitz RD. Spark Ignition Engine Combustion Modeling Using a Level Set Method with Detailed Chemistry. SAE Tech Pap 
2006-01-0243 2006. doi:doi:10.4271/2006-01-0243. 

[2] Hu E, Li X, Meng X, Chen Y, Cheng Y, Xie Y, et al. Laminar flame speeds and ignition delay times of methane-air mixtures at elevated 

8 Amirante et al. / Energy Procedia 00 (2017) 000–000 

temperatures and pressures. Fuel 2015;158:1–10. doi:10.1016/j.fuel.2015.05.010. 
[3] Sileghem L, Alekseev VA, Vancoillie J, Van Geem KM, Nilsson EJK, Verhelst S, et al. Laminar burning velocity of gasoline and the 

gasoline surrogate components iso-octane, n-heptane and toluene. Fuel 2013;112:355–65. doi:10.1016/j.fuel.2013.05.049. 
[4] Perini F, Ra Y, Hiraoka K, Nomura K, Yuuki A, Oda Y, et al. An Efficient Level-Set Flame Propagation Model for Hybrid Unstructured 

Grids Using the G-Equation. SAE Int J Engines 2016;9:582–2016. doi:10.4271/2016-01-0582. 
[5] Amirante R, Distaso E, Tamburrano P, Reitz RD. Laminar Flame Speed Correlations for Methane, Ethane, Propane and their Mixtures, 

and Natural Gas and Gasoline for Spark-Ignition Engine Simulations. Int J Engine Res 2017:In press. 
[6] Gülder ÖL. Correlations of laminar combustion data for alternative SI engine fuels. SAE Tech Pap 841000 1984. 
[7] Gülder OL. Burning velocities of ethanol--air and ethanol--water--air mixtures. AIAA Progr Astronaut Aeronaut 1984;95:181–97. 
[8] Metghalchi M, Keck JC. Laminar burning velocity of propane-air mixtures at high temperature and pressure. Combust Flame 

1980;38:143–54. 
[9] Liao SY, Jiang DM, Cheng Q. Determination of laminar burning velocities for natural gas. Fuel 2004;83:1247–50. 

doi:10.1016/j.fuel.2003.12.001. 
[10] Dirrenberger P, Gall L, Bounaceur R, Herbinet O, Glaude P, Konnov A, et al. Measurements of Laminar Flame Velocity for Components 

of Natural Gas. Energy & Fuels 2011;25:3875–84. 
[11] Wang Q, Chen X, Jha AN, Rogers H. Natural gas from shale formation--the evolution, evidences and challenges of shale gas revolution 

in United States. Renew Sustain Energy Rev 2014;30:1–28. 
[12] Amirante R, Coratella C, Distaso E, Tamburrano P. A small size combined system for the production of energy from renewable sources 

and unconventional fuels. Energy Procedia 2015;81:240--248. doi:10.1016/j.egypro.2015.12.090. 
[13] Amirante R, Distaso E, Tamburrano P, Reitz RD. Measured and Predicted Soot Particle Emissions from Natural Gas Engines. SAE Tech 

Pap 2015-24-2518 2015. doi:doi:10.4271/2015-24-2518. 
[14] Amirante R, Cassone E, Distaso E, Tamburrano P. Overview on recent developments in energy storage: Mechanical, electrochemical and 

hydrogen technologies. Energy Convers Manag 2017;132:372–87. doi:10.1016/j.enconman.2016.11.046. 
[15] Amirante R, Distaso E, Tamburrano P. Novel , cost-effective configurations of combined power plants for small- scale cogeneration from 

biomass : Design of the immersed particle heat exchanger. Energy Convers Manag 2017;148:876–94. 
doi:10.1016/j.enconman.2017.06.047. 

[16] Amirante R, Distaso E, Di Iorio S, Napolitano M, Sementa P, Tamburrano P, et al. Effects of Lubricant Oil on Particulate Emissions 
from Port Fuel and Direct Injection Spark-Ignition Engines. Int J Engine Res 2017:1468087417706602. doi:10.1177/1468087417706602. 

[17] Amirante R, Distaso E, Di Iorio S, Sementa P, Tamburrano P, Vaglieco BM, et al. Effects of Natural Gas Composition on Performance 
and Regulated, Greenhouse Gas and Particulate Emissions in Spark-Ignition Engines. Energy Convers Manag 2017;143:338–47. 

[18] Ryan Walker N, Wissink ML, DelVescovo DA, Reitz RD. Natural Gas for High Load Dual-Fuel Reactivity Controlled Compression 
Ignition in Heavy-Duty Engines. J Energy Resour Technol 2015;137:42202. doi:10.1115/1.4030110. 

[19] Hofmann P, Hofherr T, Hoffmann G, Preuhs J-F. Potential of CNG Direct Injection for Downsizing Engines. MTZ Worldw 2016;77:28–
35. 

[20] Amirante R, Casavola C, Distaso E, Tamburrano P. Towards the Development of the In-Cylinder Pressure Measurement Based on the 
Strain Gauge Technique for Internal Combustion Engines Operating Principles of the Proposed Strain. SAE Tech Pap 2015-24-2419 
2015. 

[21] Amirante R, Coratella C, Distaso E, Rossini G, Tamburrano P. An Optical Device for Measuring the Injectors Opening in Common Rail 
Systems. Int J Automot Technol 2017;18:729−742. doi:10.1007/s12239−017−0072−y. 

[22] Liss WE, Thrasher WH, Steinmetz GF, Chowdiah P, Attari A. Variability of natural gas composition in select major metropolitan areas 
of the United States. GRI Rep 92/0123 1992. 

[23] Coppens FH V, De Ruyck J, Konnov AA. The effects of composition on burning velocity and nitric oxide formation in laminar premixed 
flames of CH 4+ H 2+ O 2+ N 2. Combust Flame 2007;149:409–17. 

[24] Seber GAF, Wild CJ. Nonlinear regression. Hoboken, NJ: Wiley-Interscience; 2003. 
[25] Kishore VR, Duhan N, Ravi MR, Ray A. Measurement of adiabatic burning velocity in natural gas-like mixtures. Exp Therm Fluid Sci 

2008;33:10–6. 
[26] Lowry W, de Vries J, Krejci M, Petersen E, Serinyel Z, Metcalfe W, et al. Laminar Flame Speed Measurements and Modeling of Pure 

Alkanes and Alkane Blends at Elevated Pressures. J Eng Gas Turbines Power 2011;133:91501. doi:10.1115/1.4002809. 
[27] Bourque G, Healy D, Curran H, Zinner C, Kalitan D, de Vries J, et al. Ignition and Flame Speed Kinetics of Two Natural Gas Blends 

With High Levels of Heavier Hydrocarbons. J Eng Gas Turbines Power 2009;132:21504. doi:10.1115/1.3124665. 


